Biodiesel has been identified globally as presenting an opportunity for development of a sustainable fuel source, especially in light of international pressures for greenhouse gas emission reductions and the unpredictability of availability and pricing of fossil fuels. For Botswana, the internal development of biodiesel could signify a positive move away from a dependency on imported fuel products, provide sustainable employment and contribute to poverty alleviation measures. In the current study, biodiesel was synthesized from animal fat and tested for fuel properties. Results have shown a biodiesel production yield of 93%, chemical composition that is typical of a biodiesel fuel, and fuel properties that are largely comparable to those of petroleum diesel.
Introduction
Biodiesel has largely been accepted as a suitable replacement for petroleum diesel on basis of its advantages over the later. The advantages include higher efficiency, relatively low emission profile, higher cetane number, renewability, lower sulfur content and safety of handling. However the obstacle to its full commercial application is the cost of production, with raw material cost estimated to be in the range of 70% -95% of total production cost [1] [2] . To avoid competition with food, other feedstock oils beside edible oils have been explored. These include waste cooking oil, non-edible plant oils such as jatropha oil, by-products from edible-oil refineries, waste animal and chicken fats. Use of this perceived cheap resource is envisaged to improve production economy of biodiesel fuel [3] . The most common method of processing oils into biodiesel is the transesterification reaction of oil/fat with primary alcohols such as methanol and ethanol in the presence of acid or alkali catalyst to produce fatty acid methyl or ethyl esters and glycerol as a by-product [4] [5] . Transesterification reaction is influenced by several factors that include free fatty acid content, feedstock type and composition, water content in the oil, type of alcohol used and amount, reaction temperature and pressure, type of catalyst used, and intensity of agitation. The American Standard for Testing of Materials (ASTM D 6751-02) and European Standard (EN14214) provide the required specifications for a fatty acid ester product to be classified as "biodiesel fuel" (B100) or for use in blends with any petroleum-derived diesel fuel. From their study, Glenn et al. [6] and Van Gerpen et al. [7] showed that animal fats perform better in biodiesel production than other substrates. Common animal fats (tallow) and lard are used for biodiesel because they are largely composed of saturated fatty acids which can be processed easily. Another advantage is that biodiesel derived from animal fats is in high cetane numbers, leading to better diesel engine performance and reduced emissions. Animal fat can be processed into biodiesel usually by esterification and transesterification processes using a common alkaline catalyst such as sodium hydroxide (NaOH) or potassium hydroxide (KOH). The operating temperature for processing animal fat should be kept below 60˚C to avoid evaporation of methanol, which boils at approximately 60˚C. Too much catalyst should not be used when processing animal fat into biodiesel to avoid formation of excess soap which is detrimental to the process. The more FFA in the animal feedstock, the more soap is formed resulting in production loss.
Feedstock
In Botswana, people and cattle population have been inseparably linked for hundreds of years, and cattle form part of the fabric of everyday life. The raising of cattle touches almost all of the population, with cattle outnumbering people by two to one [8] . Urban dwellers and rural communities alike have some involvement and contact on a daily basis with cattle grazing on the veld. The Botswana cattle industry uses free range and natural farming methods, which ensure full flavoured, lean beef of highest quality. Botswana's land and its sub-tropical and semi-arid climate are ideally suited for cattle farming. The country boasts of between 2.5 to 2.8 million head of cattle. Botswana Meat Commission (BMC) is the main abattoir with three branches located in Lobatse (main), Francistown and Maun. The daily production of tallow at Lobatse abattoir ranges between 4000 kg and 11,500 kg [8] . Notwithstanding anticipated recovery levels for this substrate as well as any preparatory steps prior to biodiesel production process, the quantities of tallow available from Botswana's beef industry present a very substantial potential feedstock for biodiesel production that demand exploration.
In the current manuscript, pilot experimental results are presented on production, chemical composition and physicochemical fuel properties of biodiesel synthesized from tallow of Botswana's beef industry. Since the project is ongoing, other fuel properties such as performance and emissions shall be presented in subsequent publications.
Materials and Methods

Biodiesel Production
Production of biodiesel from beef fat involves three main stages namely tallow rendering from beef fat, a two stage process to produce fatty acid methyl esters (FAME) and separation of the reaction products.
Tallow Rendering
Beef fat (800 g), Figure 1 , was shredded into smaller pieces and then charged into a pot for melting. The pot was heated by an electric burner. Shredding was performed to accelerate fat melting process. The process took about 60 minutes to get almost all the fat melted. The hot melted tallow (oil) was then strained from the residue using a sieve. Figure 2 shows melted tallow after separation from residues, ready for conversion to biodiesel. 
Transesterification
Since the substrate to be utilized was tallow, a two stage process to produce biodiesel was required due to the high content of free fatty acids (FFA) of this substrate. The FFAs in tallow, which can be as high as 10%, have to be reduced to below 2% to produce biodiesel of the quality required by either European or American standards [9] . Therefore the two stage process utilized consists of: 1) An initial esterification process where the tallow is mixed and heated with 2% by volume sulphuric acid (H 2 SO 4 ), allowed to settle, and the initial glycerol by-product drained off. This treatment reduces the FFAs to the required level (1.6% in the current case).
2) The main process of trans-esterification, where the resultant tallow is then mixed and heated with the required percentages by volume of Methanol and catalyst.
In the second stage, 400 g of tallow at a temperature of about 60˚C was charged to a 5000 ml three neck glass flask reactor. A solution of 300 ml of methanol of 99.5% purity and 6 g of potassium hydroxide pellets of 98% purity as catalyst was prepared and charged to the reaction vessel. The reactor was tightly closed and placed on a heating mantle and a temperature of approximately 60˚C was maintained throughout the reaction process. The transesterification reaction was carried out for one hour with agitation by the stirrer to ensure adequate and homogeneous mixing throughout the reaction process. Adequate mixing was necessary since methanol has low solubility in tallow. The glass flask reactor was sealed to reduce the loss of methanol during the reaction process. A condenser was used to keep the methanol within the reactor. Figure 3 presents a schematic experimental set up of the process.
Separation
The products of the transesterification reaction (FAME and glycerol) are immiscible and are both in liquid form, with glycerol having higher density than FAME. On basis of difference in density, separation of the reaction products was done using a separating funnel. The set up was left for 24 hours to ensure complete separation. Two distinct layers were observed, the upper layer being the 
Chemical Characterization
Chemical analysis was done to identify esters present in tallow biodiesel sample.
The method involved analyzing standard (reference) samples, generating calibration curves for esters identified in the standard samples, and identifying and quantifying esters present in the biodiesel sample [11] .
Gas Chromatograph Conditions
One micro litre (1 μl) of tallow biodiesel sample extract was injected into the system using an auto-injector. The injector temperature was set at 260˚C in the splitless mode. Helium was used as the carrier gas at a flow rate of 1ml/min. Separation was achieved using a 30 meter DB5-MS column. The oven temperature was kept at the initial 100˚C for 2 min, and then gradually increased from 100˚C to 290˚C at a rate of 10˚C per min. The total run time was approximately 35 min.
Mass Spectrometer Conditions
The mass spectrometer (MS) conditions that were employed were a positive polarity of electron ionisation (EI), a source temperature of 180˚C, and an emission current of 359 μA. Other MS conditions including electron energy and resolution were set by the system's auto tune function. Detection was by the micro channel plate detector (MCP) whose voltage was set at 2700 V. The sample composition was identified and quantified using the NIST (2005) mass spectral library using a combination of the Masslynx acquisition/data analysis software and the AMDIS by NIST.
Flash Point Measurement
The flash points of tallow biodiesel and petroleum diesel fuel test samples were determined using an automated Pensky-Martens Closed Cup Tester according to the ASTM D93 test method. A brass test cup (of specified dimensions) was filled to the inside mark with fuel test specimen and fitted with a cover (of speci-fied dimensions). Settings of expected flash point value, sample name and procedure selection were made to complete the instrument setup. Procedure A was used for petroleum diesel while procedure C was used for tallow biodiesel (B100). The experiment was run and the test cup was heated while the specimen was agitated by a stirrer at a pre-determined rate according to the specified procedure. An ignition source was directed into the test cup at regular intervals with simultaneous interruption of the stirring, until a flash was detected. Each test sample was first analyzed using the search (SPE) procedure since flash points of the samples were unknown. The normal mode of the procedure was then used to validate the results [10] .
Viscosity Analysis
Tallow biodiesel and petroleum diesel fuel samples were analyzed using a Fungi- 
Energy Content Analysis
The calorific values of tallow biodiesel and petroleum diesel samples were determined using the IKA C200 Calorimeter system whose main components include the basic device, decomposition vessel, ignition adapter, combustion crucible and oxygen filling point. The system has automatic data acquisition through the CalWin calorimeter software which handles calculations for the calorific values of samples. Details of procedure are articulated in [11] .
Results and Discussion
Tallow Biodiesel Yield
Biodiesel yield is defined in the current context as the percentage of volume of biodiesel separated from glycerol after transesterification to volume of tallow used in the process. In this case, 505 ml (400 g) of tallow was used in the transesterification process, and 470 ml of biodiesel was recovered from the separating funnel.
( )
Yield 470 505 100 93% = × =
The biodiesel yield of 93% from tallow is comparable to yields from most widely accepted plant kernel oils. Tallow biodiesel yield is therefore deemed sufficiently high to justify exploration of tallow as a potential feedstock for production of biodiesel in Botswana. One unique advantage of tallow biodiesel production is quick separation of biodiesel from glycerol, which largely takes place in the first 10 minutes of standing in the separation funnel.
Chemical Composition
The chemical composition of tallow biodiesel was analyzed according to the procedure described in Section 2.2. Table 1 presents ester composition of tallow 
Flash Point Analysis
Experimental data were recorded as described in Section 2.3. After running five experiments for each fuel specimen and computing average values, results obtained for flash point of tallow biodiesel, 50 ppm petroleum diesel and 500 ppm petroleum diesel fuels are presented in Figure 4 .
The ASTM D-6751 and EN 14214 biodiesel standards stipulate minimum values of 130˚C and 120˚C respectively for flash point. The results demonstrate that tallow biodiesel meets specifications of both American and European standards, and is a much safer fuel to handle than petroleum diesels. Viscosity analysis of tallow biodiesel is presented in Section 3.4.
Viscosity Analysis
Evaluation of viscosity of fuels is vital in order to determine viability of use in diesel engines as viscosity influences fuel atomization and hence quality of combustion. The viscosity profiles of tallow biodiesel and petroleum diesel fuels were analyzed. Figure 5 shows profiles of viscosity variation with temperature for the two petroleum diesel fuels and biodiesel, with each data point representing an average of four viscosity measurements.
From Figure 5 , it can be deduced that viscosity profiles of both tallow biodiesel and petroleum diesel fuels (used in this study) meet requirements of the American Standards (ASTM D-6751), 1. and is likely to have a better combustion profile when used as a fuel in a diesel engine. The heat of combustion of tallow biodiesel is presented in Section 3.5.
Heat of Combustion
Heat of combustion, or energy content, refers to the thermal energy that is liberated upon combustion of a fuel.
In the study conducted to analyze energy content Biodiesel fuels are mixtures of fatty acids with different degrees of saturation, and energy content decreases with increase in the degree of unsaturation. This is unlike petroleum diesel which contains aromatics. Thus the lower energy content of tallow biodiesel relative to petroleum diesel fuels is to be expected on this basis. However, energy content of 39.31 MJ/kg for tallow biodiesel is closely comparable to 39.61 MJ/kg and 44.90 MJ/kg for the two petroleum diesel fuels.
Economic Feasibility of Using Tallow as Biodiesel Feedstock
The future outlook of beef tallow biodiesel fuel is bright on basis of abundance and insignificant use for food. As discussed in Section 1.1, Botswana has a vast abundance of cattle that approximates three (3) million heads. In the production of biodiesel, a major economic factor that should be considered with respect to input costs is feedstock, which is estimated at approximately 80% of the total operating cost [12] .
Other important costs relate to geographical location of feedstock (abattoirs), variability in fat production across seasons of the year, labor and production inputs including methanol and catalyst. These costs are functions of prices of the fat and the size and type of the production facility. Other important factors that can impact the production cost of tallow biodiesel are the yield and value of the by-products of the production process. These include glycerol that is used in production of soap and as a pharmaceutical medium. Production of biodiesel from tallow will also have obvious positive social impacts. It provides a market for farmers and employment for many families in the supply chain. Furthermore, a local abundance of cattle implies a substantial reduction in overall costs of producing biodiesel since there is no importation of feedstock. On basis of abundant availability of feedstock and results discussed in the current manuscript, tallow biodiesel is recommended for production in Botswana.
Conclusions
The following conclusions can be made from the experimental work discussed in this manuscript:
1) The chemical composition of tallow biodiesel is typical of a biodiesel fuel, with 90% constituted by methyl oleate, methyl palmitate and methyl stearate which are principal constituent compounds of a biodiesel fuel.
2) Beef tallow biodiesel production depicted a yield of 93% with a unique short separation period of approximately 10 minutes.
3) The viscosity of beef tallow biodiesel at 40˚C meets ASTMD6751 international biodiesel standards and is closely comparable to that of petroleum diesel.
4) The heat of combustion of beef tallow biodiesel was found to be 12.4% and 0.8% lower than 50 ppm and 500 ppm petroleum diesel fuels respectively. It however has higher heat of combustion than biodiesel fuels derived from most vegetable oils.
The high flash point (137˚C) of beef tallow biodiesel is typical of a biodiesel fuel and makes it safe to transport and handle.
